Background: European ecologic studies suggest higher socioeconomic status is associated with higher incidence of type 1 diabetes. Using data from a case-control study of diabetes among racially/ethnically diverse youth in the United States (U.S.), we aimed to evaluate the independent impact of neighborhood characteristics on type 1 diabetes risk. Data were available for 507 youth with type 1 diabetes and 208 healthy controls aged 10-22 years recruited in South Carolina and Colorado in [2003][2004][2005][2006]. Home addresses were used to identify Census tracts of residence. Neighborhood-level variables were obtained from 2000 U.S. Census. Multivariate generalized linear mixed models were applied. Results: Controlling for individual risk factors (age, gender, race/ethnicity, infant feeding, birth weight, maternal age, number of household residents, parental education, income, state), higher neighborhood household income (p = 0.005), proportion of population in managerial jobs (p = 0.02), with at least high school education (p = 0.005), working outside the county (p = 0.04) and vehicle ownership (p = 0.03) were each independently associated with increased odds of type 1 diabetes. Conversely, higher percent minority population (p = 0.0003), income from social security (p = 0.002), proportion of crowded households (0.0497) and poverty (p = 0.008) were associated with a decreased odds. Conclusions: Our study suggests that neighborhood characteristics related to greater affluence, occupation, and education are associated with higher type 1 diabetes risk. Further research is needed to understand mechanisms underlying the influence of neighborhood context.
Background
Although type 1 diabetes mellitus is one of the leading chronic diseases of childhood and youth, little is known about its causes. Type 1 diabetes has been previously known as insulin-dependent or juvenile-onset diabetes. It results from the destruction of pancreatic beta cells which leads to insulin deficiency and lifelong dependency on insulin therapy. Type 1 diabetes risk is influenced by both genetic and environmental risk factors, but the rapid worldwide increase in incidence suggests that strong environmental influences interact with a common genetic risk set [1, 2] . A multitude of environmental risk factors are being studied, including infectious agents, environmental toxins in water or foods, dietary exposures, and exposures to immunizations and pets [3, 4] . The Environmental Determinants of Diabetes in Youth (TEDDY) study, a large, international cohort project, was explicitly designed to explore these and other factors with respect to their impact on the development of islet cell autoimmunity and the incidence of type 1 diabetes among high-risk newborns with specific human leukocyte antigen (HLA) genotypes [5] . Because key TEDDY results will not be forthcoming for several years, evaluation of existing studies may prove informative.
A substantial body of research has described marked geographic variation of type 1 diabetes incidence at the ecologic or aggregate level. In Europe, numerous studies have evaluated the association of neighborhood deprivation, income levels, household crowding, population density and urbanization with type 1 diabetes incidence [6] . Only few studies to date have explored these questions in North America [6] . However, associations between incidence rates and neighborhood socioeconomic characteristics observed at the aggregate level do not necessarily apply to individuals. To the best of our knowledge, no individual-level studies of neighborhoodlevel socioeconomic factors in relation to type 1 diabetes have been published.
To advance the understanding of the impact of neighborhood-level socioeconomic characteristics on risk of type 1 diabetes, we analyzed data from the SEARCH Case-Control (SEARCH CC) study, a recently completed population-based study of ethnically and geographically diverse youth with diabetes in the United States (U.S.). In the context of the Spatial Epidemiology of Diabetes project [7] we extended the SEARCH CC data to include geospatial data and information on Census tract-level characteristics obtained from the U.S. Bureau of the Census. We used the Census tract as a surrogate measure of a person's neighborhood and will therefore refer to the Census tract characteristics as neighborhood characteristics.
Methods
Study design and data collection SEARCH for Diabetes in Youth is a multi-center study that began conducting population-based ascertainment of non-gestational cases of diagnosed diabetes in youth less than 20 years of age in 2001 for prevalent cases and continues with ascertainment of incident cases through the present in five study centers. Details of the SEARCH study methods have been published [8] . In brief, using Health Insurance Portability and Accountability Act compliant procedures, youth with diabetes identified by the SEARCH surveillance effort were asked to complete a brief survey and were then invited to the SEARCH study visit which involved questionnaires, a brief physical examination and laboratory measurements. Ascertainment was conducted using a network of health care providers including pediatric endocrinologists, hospitals, and other providers. Case reports were validated through physician reports, medical record reviews, or in a few instances, self-report of a physician's diagnosis of diabetes [8] . Diabetes type, as assigned by the health care provider, was categorized as type 1, type 2, and other type (including hybrid type, maturity onset of diabetes in youth, type designated as "other", type unknown by the reporting source, and missing). Type 1 diabetes, previously termed insulin-dependent diabetes or juvenile-onset diabetes, subsumes type 1a (immunemediated diabetes, due to autoimmune destruction of the pancreatic beta cells, leading to absolute insulin deficiency), and type 1b (idiopathic diabetes, of unknown etiology, with varying levels of insulin deficiency). Our analyses here are limited exclusively to youth with type 1 diabetes. Cases of type 2 diabetes, previously referred to as non-insulin-dependent diabetes, were excluded because type 2, which encompasses individuals who are insulin resistant and usually have relative (rather than absolute) insulin deficiency, is thought to have a very different etiology from type 1 diabetes.
SEARCH CC is an ancillary study to SEARCH, conducted at two of the six SEARCH clinical study centers between 2003 and 2006, including the Colorado and South Carolina study centers. For the purposes of the SEARCH CC study, eligibility of cases was restricted to (1) 4 counties surrounding the city of Columbia, including Richland, Lexington, Orangeburg, Calhoun) in South Carolina for 2001 prevalent cases and statewide in subsequent years for incident cases, and (2) selected counties in Colorado (6 counties encompassing the Denver metropolitan area, including Adams, Arapahoe, Boulder, Denver, Douglas, Jefferson, and Weld counties) for 2001 prevalent cases and incident cases and. The study areas are depicted in Figures 1 and 2 .
Recruitment of SEARCH CC cases and controls occurred between July 2003 and March 2006. All SEARCH participants seen during this time period who were aged 10 or older were invited to participate in the case-control study protocol. Because type 1 diabetes manifests in severe symptoms after onset and is rapidly fatal if not treated with insulin, all incident cases of type 1 diabetes rapidly seek medical care. Thus, for this particular disease, reliance on health care providers for ascertainment does not introduce an opportunity of selection bias associated with health care access. Controls were concurrently recruited from primary care offices, following the rationale that all SEARCH cases arose from health care provider offices. Participating primary care offices provided an initial study brochure, and patients and their parent or guardian were asked to complete a one-page information form and an indication of permission for study staff to contact them. Of 1,203 information forms returned by participating practices, 881 (73.2%) indicated interest in learning about the study, of whom 41 were ineligible, 233 later refused explicitly, 389 could not be successfully contacted ("passive refusals"), and 218 participated as controls in SEARCH CC. All controls were confirmed as not having diabetes by fasting glucose values obtained during the visit. However, because no primary care providers were selected as control recruitment sites in the upstate area of South Carolina (this includes the counties of Abbeville, Anderson, Cherokee, Greenville, Greenwood, Laurens, Oconee, Pickens, Spartanburg, Union, and York), we decided to exclude any cases originating in the Upstate for the purposes of these case control analyses.
During the study visit, information was collected from the biological mother of cases and controls on date of birth, gender, race/ethnicity, parental education, household family size, household income, maternal age at birth of participant, birth order, birth weight, and infant feeding (including duration of breast feeding and timing of introduction of formula and other foods and beverages). Recall of infant feeding has been shown to be remarkably accurate, even after many years [9, 10] .
Geocoding and geo-spatial allocation
The contact addresses provided by SEARCH CC participants were used to identify the Census tract of primary residence, the details of which have been described [11] .
Geocoding was conducted in a standardized manner by a single staff person (JDH) traveling to both centers and using ArcGIS 9.3 software (Environmental Systems Research Institute, Redlands, CA 2008) and the TIGER 2000 Road Network File complemented with Zip Code Tabulation Areas data [12] . The vast majority of addresses were geocoded to the street address level (overall 98.7% cases and 95.7% controls in South Carolina, 98.8% of cases and 99.2% of controls in Colorado) and could thereby be allocated to a Census tract to align with Census data (see below). There remained seven cases and five controls that were geocodable to a zip code only. These were allocated by a geo-imputation method [11] which assigns the non-geocodable address to a Census tract within the boundaries of the known zip code based on a random assignment distribution process, thereby avoiding spurious spatial clustering associated with other methods. We have previously shown that this process yields a distribution of cases across tracts that best mirrors the true distribution [11] .
The South Carolina study area contained a total of 575 Census tracts and the Colorado area 619 tracts. Given that diabetes in youth is a rare condition and our study included only a small number of years of incidence, it was not surprising that only 13% of Census tracts in the South Carolina area housed one or more cases, and 39% of the Colorado tracts. With respect to controls, 9% of tracts contained one or more control in South Carolina and 14% of Colorado tracts.
Demographic and socioeconomic Census tract characteristics
Census tract data were obtained from Summary File 1, 2, and 3 from the U.S. Bureau of the Census for 2000 [13] . These data included tract area and a variety of population estimates including total population, race/ ethnic-specific population, number working outside the county, number with high school and above education, number unemployed, number living below poverty, number receiving social security, and the number employed in managerial positions. Furthermore, we obtained estimates of the number of households receiving interest, dividend and net rental income, number of housing units, housing units with vehicles, housing units with greater than one person per room, median household income, and median value of housing. Raw data were used to calculate the appropriate estimates of the percent of population with a specific attribute. These were used as a continuous measure in most analyses.
Using a previously developed methodology [14] , we also created an area-level composite score of neighborhood socioeconomic status, utilizing Census tract-level information from the 2000 US Census. In the first step, we applied factor analyses, a data reduction technique, to a large set of Census tract socioeconomic indicators and identified a primary factor on which four key variables loaded. These included (1) percent of households with income derived from interest, dividend and rental sources, (2) median value of housing of owner occupied housing units, (3) percent of population with college education or more, and (4) percent of population in managerial positions. In a subsequent step, the summary score was created, the neighborhood socioeconomic advantage score, by summing the Z-scores of the aforementioned four variables, [14] . Note, increasing values represent increasing socioeconomic advantage.
Rural-Urban Commuting Areas (RUCAs) have been developed to characterize the Census tracts in the U.S. with respect to their rural and urban status [15] . RUCAs are based on the U.S. Census Bureaus definitions of urbanized areas and urban clusters, in conjunction with information on work commuting patterns. We converted the ten-tiered RUCA codes developed by the ERS/USDA [15] into a four-tiered system as recommended by using only the primary and secondary RUCA codes [16] , thereby differentiating urban core from sub-urban areas, large rural towns, and small towns/isolated rural areas.
Final Subject Inclusion and Exclusion
The SEARCH CC study included 780 participants (565 cases, 215 controls) from South Carolina and Colorado. Of these, 12 participants (6 from each study center) were removed because of entirely missing address information. Furthermore, 59 participants (53 cases, 6 controls) were removed from the upstate region of South Carolina because an inadequate number of controls were recruited in the region, resulting in our final sample of 709 participants (505 cases, 204 controls).
Statistical Analysis
We used SAS software version 9.2 (Cary, NC) for all analyses. Descriptive statistics obtained include frequency distributions and means and standard deviations by study center and case status. The proportion of missing data on variables considered potential confounders was as follows: people in household 0.3%, maternal age 12.5%, age fed food other than breast milk 17.8, age at introduction of solid foods 16.2%, and birth weight 13.7%. Thus, the multiple imputation (MI) procedure in SAS was used to perform imputations on these variables resulting in three imputed datasets.
Generalized linear mixed model analyses (PROC GLIMMIX) were used to fit logistic regression models for dichotomous responses (case, control) on the three imputed datasets assuming a binomial distribution and a logit link function. The intercept was specified as a random effect assuming each Census tract has a different intercept. The results of the three imputed datasets were combined and analyzed by using the MIANALYZE procedure. Unadjusted odds ratios (ORs) and adjusted ORs with 95% confidence intervals (95% CI) are reported.
We present here the results of a sequential modeling process to evaluate the relationship between each neighborhood characteristics and the risk of type 1 diabetes, in which each relationship was estimated four times: First, we tested separately the main exposure variables (neighborhood risk factors) without potential confounders. Subsequently, race/ethnicity was added as a first level of adjustment, followed by additional individuallevel demographic, socioeconomic and perinatal and infant feeding variables (i.e. gender, age, education, income, number of people living in the household, maternal age, age fed food other than breast milk, age of first solid food introduction, birth weight and study center). In a final level of adjustment, we added number of siblings and birth order.
Results
Characteristics of SEARCH CC study participants are shown in Table 1 by case status, first for the entire study, and then stratified by study center. The average age was about 14.7 years. Cases and controls differed significantly on several characteristics, including gender (a higher percentage of controls being female), race/ethnicity (a higher proportion of controls being of minority race/ethnicity), education (a lower proportion of controls having more highly educated parents) and income (a lower proportion of controls having higher levels of household income). Cases and controls did not differ with respect to any of the perinatal or infant feeding attributes except the number of siblings.
The geographic study areas are depicted in Figures 1  and 2 . These maps additionally illustrate the geographic distribution of the neighborhood socioeconomic advantage score across the South Carolina and Colorado study areas. Marked and statistically significant difference in levels of neighborhood characteristics were observed between type 1 diabetes cases and controls (Table 2) . Compared to controls, type 1 diabetes cases lived in neighborhoods with lower levels of unemployment, poverty, household crowding, social security recipients and a smaller proportion of residents of minority race/ethnicity. Furthermore, case participants' neighborhoods exhibited higher median housing values, a higher proportion of the population working outside of the county, higher percent income from interest, higher percent of the population in managerial positions, or with high school education or above, and higher vehicle ownership. Likewise, the neighborhood socioeconomic advantage score indicated higher levels of wealth in type 1 diabetes neighborhoods. In terms of rurality, cases tended to reside more frequently in suburban neighborhoods than controls. We subsequently evaluated the independent association of each neighborhood characteristic with odds of type 1 diabetes (Table 3 ). The first level of adjustment for individual race/ethnicity attenuated but did not explain most of the associations. A one standard deviation increase in the neighborhood socioeconomic advantage score was associated with a 47% increase in odds of type 1 diabetes. Adjusting for additional individual characteristics such as demographic, socioeconomic, perinatal and infant feeding characteristics (adjustment 2) further attenuated some of the associations, including the neighborhood score. However, evidence for an independent effect of several neighborhood-level influences remained: percent population living in poverty (p = 0.008), household crowding (p = 0.0497), social security recipients (p = 0.002), and minority population (p = 0.0003) were significantly associated with a reduced odds of type 1 diabetes, while increasing median household income (p = 0.005), vehicle ownership (p = 0.03), high school education (0.005), percent working outside the county (p = 0.04) and managerial job positions (p = 0.02) were significantly associated with an increased odds of type 1 diabetes. When we additionally adjusted for the individual characteristics of number of siblings and birth order (adjustment 3), the results remained virtually unchanged, although the impact of neighborhood population in managerial positions, household crowding, and working outside the county was slightly attenuated and lost statistical significance. When analyses were stratified by study center, the magnitude of associations was almost identical for Colorado and South Carolina (data not shown). Across the analyses shown in Table 3 , the estimated variance of the Census tract random intercept ranged from 0.0081 to 3.4225. The random intercept term was not significant in any of the models, with the one exception being the model of vehicle ownership using adjustment 2, which suggests that there is no consistent evidence for an exclusively spatial effect of diabetes risk associated with the Census tracts.
Because of the case-control differences in the proportion of minorities, we additionally stratified by race/ethnicity (517 non-Hispanic white, 192 minority youth). Fewer associations were statistically significant, but the magnitude of associations between neighborhood characteristics and type 1 diabetes was virtually identical in white and non-white youth (data not shown).
Discussion
To the best of our knowledge, this report is the only case-control study of type 1 diabetes to date that has focused on neighborhood socioeconomic characteristics. We found marked associations of a large number of Census-based measures of neighborhood socioeconomic status with risk of type 1 diabetes, independent of individual-level covariates. Specifically, attributes related to lower socioeconomic status such as poverty and social security income were associated with lower odds of type 1 diabetes. Consistent with these indicators, the percent minority population, which is frequently related to lower socioeconomic status in the US [17] , was also associated with lower type 1 diabetes risk. Conversely, measures of higher socioeconomic status, including educational level, household income, managerial position, vehicle ownership, and working outside of the country, were associated with higher odds of type 1 diabetes. Overall, our results are characterized by consistency of the magnitude and the direction of effect estimates. While research on socioeconomic patterning of type 1 diabetes risk in Europe is abundant, few studies have been conducted in North America [6] . These included the Jefferson County, Alabama, and the Pittsburg registry [18, 19] . The Chicago Childhood Diabetes Registry has repeatedly reported on socioeconomic status and type 1 diabetes incidence, but with somewhat inconsistent results [20, 21] . In an earlier publication, neighborhood income, educational level and dwelling size were positively associated with increased rates of type 1 diabetes in African American but not in Hispanic youth. No data were shown for non-Hispanic white youth [20] . More recently, this group studied the impact of changes in neighborhood socioeconomic status over time [21] . Neighborhoods experiencing a change towards lower income levels seemed to be observing lower rates of type 1 diabetes compared to socioeconomically stable neighborhoods. Contrary to expectations, however, emerging high-income neighborhoods were also associated with lower rates of type 1 diabetes [21] . Finally, the Montreal registry and the multi-center SEARCH for Diabetes in Youth study have both found higher incidence rates of type 1 diabetes associated with increased neighborhood wealth [22, 23] .
Our study differs in a number of ways from previous work. Unlike the ecologic studies discussed above, the case-control design of our study allowed us to make inferences about individual-level risk factors. The study area comprised a markedly larger and more demographically varied area than any previous effort in the US. We included both Colorado and South Carolina residents from neighborhoods across the entire spectrum of socioeconomic status and population density. A recent, very large, hospital-record based case-control study conducted in Washington state found that multiple individual measures of lower socioeconomic status, such as having Medicaid insurance, an unmarried mother or inadequate prenatal care, were associated with decreased odds of type 1 diabetes [24] . Similar to our own work, the study by D'Angeli et al. [24] controlled for a wide array of individual-level covariates. It did not, however, consider the influence of neighborhood characteristics. Thus, we believe our study is an important link between previous work and future results of ongoing investigations.
Several limitations and strengths of our study are worth mentioning. The address data used to create geospatial assignments was based on the residence address provided by the participants upon recruitment but did not include duration of residence at this location. We did not have data on day care attendance, consumption of high nitrosamine foods or cod liver oil, all of which have been associated with type 1 diabetes [25] [26] [27] and may well be associated with neighborhood socioeconomic status. It is conceivable that neighborhood effects associated with participation could have biased the results of our case-control analyses, though it has been shown that these effects, if present, are likely small [28, 29] . Furthermore, there is a small temporal mismatch between data on neighborhood socioeconomic characteristics used from the US Census 2000 compared to the cases of diabetes occurring between 2001 and 2006. Lastly, due to the need for geo-imputation to Census tract for a small fraction of our study sample we can not exclude the possibility of having introduced some error. On the other hand, strengths of our study include the use of a random intercept model which has been suggested to be less likely to be biased than classical regression models [30] . Furthermore, the geographic and race/ethnic diversity of our study population may have provided our study with sufficient exposure variability to discern associations between neighborhood characteristics and odds of type 1 diabetes. Lastly, our study was a population-based case-control study.
How consistent are the observed associations of neighborhood wealth and higher socioeconomic status with current hypotheses on type 1 diabetes etiology? Of the key causal domains that have been explored, only the hygiene hypothesis is consistent with higher socioeconomic status being a risk factor for type 1 diabetes [31] . It suggests that lack of exposure to early childhood bacterial or viral infections leads to a modulation of the immune system and increased risk for autoimmune diseases such as type 1 diabetes. It is conceivable that higher socioeconomic status is associated with improved hygiene and -possibly through living conditions characterized by more personal spaceleads to decreased exposures to infections. Consistent with this hypothesis is also the finding by many studies, including our own, that a higher number of siblings and lower birth order was significantly and inversely related to type 1 diabetes risk [24] . It has furthermore been shown that children who moved more often had a markedly reduced risk of type 1 diabetes [32] . Even in a highly mobile society such as the US, residential instability is still strongly associated with lower socioeconomic status.
In contrast, none of the other etiologic type 1 diabetes hypotheses seem to be entirely consistent with our findings, and in fact would suggest that populations with lower, but not high socioeconomic status, are more likely to develop type 1 diabetes. For instance, the early infant feeding hypothesis suggests that early exposures to solid foods and decreased duration of breastfeeding are associated with higher type 1 diabetes risk. However, both of these behaviors are commonly seen in low, but not in high socioeconomic status populations. Likewise, exposure to toxins in water and food which have been hypothesized to be associated with increased type 1 diabetes risk would be more likely in socially disadvantaged than in high-socioeconomic populations. Specific HLA genotypes known to increase type 1 diabetes risk have been shown to exhibit substantial geographic variation [33] , but do not seem to explain differences in seroconversion to beta cell autoimmunity. Lastly, a multitude of mechanisms have been summed under the overload or accelerator hypothesis [34] , which suggests that overload of the pancreatic beta cells early in life makes them more prone to autoimmunity and/or beta cell apoptosis. Maternal and infant overweight, both key factors in the overload hypothesis, are also more common in populations with low than with high socioeconomic status. On the other hand, infants less exposed to early life infections tend to grow faster in both height and weight which may overload the beta-cells. Thus in summary, this line of reasoning would suggest that whatever the causal agents associated with higher socioeconomic status may be, they would likely need to be quite strong, as they would need to counterbalance other risk-inducing influences associated with lower socioeconomic status. In conclusion, we believe that further research is needed to understand the mechanisms by which the neighborhood context exerts an impact on risk of type 1 diabetes. 
